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Abstract. The El Ni˜ no Southern Oscillation (ENSO) drives
important changes in the marine productivity of the Equa-
torial Paciﬁc, in particular during major El Ni˜ no/La Ni˜ na
transitions. Changes in environmental conditions associated
with these climatic events also likely impact phytoplank-
ton composition. In this work, the distribution of four ma-
jor phytoplankton groups (nanoeucaryotes, Prochlorococcus,
Synechococcus, and diatoms) was examined between 1996
and 2007 by applying the PHYSAT algorithm to the ocean
color data archive from the Ocean Color and Temperature
Sensor (OCTS) and Sea-viewing Wide Field-of-view Sen-
sor (SeaWiFS). Coincident with the decrease in chlorophyll
concentrations, a large-scale shift in the phytoplankton com-
position of the Equatorial Paciﬁc, that was characterized by
a decrease in Synechococcus and an increase in nanoeu-
caryote dominance, was observed during the early stages
of both the strong El Ni˜ no of 1997 and the moderate El
Ni˜ no of 2006. A signiﬁcant increase in diatoms dominance
was observed in the Equatorial Paciﬁc during the 1998 La
Ni˜ na and was associated with elevated marine productivity.
An analysis of the environmental variables using a coupled
physical-biogeochemical model (NEMO-PISCES) suggests
that the Synechococcus dominance decrease during the two
El Ni˜ no events was associated with an abrupt decline in nu-
trient availability (−0.9 to −2.5µMNO3 month−1). Alter-
natively, increased nutrient availability (3µMNO3 month−1)
during the 1998 La Ni˜ na resulted in Equatorial Paciﬁc dom-
inance diatom increase. Despite these phytoplankton com-
munity shifts, the mean composition is restored after a few
months, which suggests resilience in community structure.
Correspondence to: I. Masotti
(imasotti@lsce.ipsl.fr)
1 Introduction
Productivity in the global ocean is important in governing
the oceanic carbon cycle and thus exerts a signiﬁcant control
on the climate of the Earth. Any climate change over com-
ing decades could affect primary productivity (PP) through
modiﬁcations to the environmental conditions of the surface
ocean, such as nutrient supply, stratiﬁcation and acidiﬁca-
tion. Recent models that aim to forecast future climate in-
clude a representation of the ocean carbon cycle and hence
also marine productivity. They all predict a global decrease
in PP towards the end of the 21st century (Bopp et al., 2001;
Steinacher et al., 2010). Monitoring ocean productivity at
the global scale is essential to evaluate such predictions and
is only possible at basin scales and greater using ocean color
satellite data, which have been routinely available since the
end of the 1990’s, in particular from the OCTS (1996–1997),
SeaWiFS (1997-) and MODIS (2002-) sensors. Such data
allow for the quantiﬁcation of chlorophyll-a concentrations
(Chl-a) in ocean surface waters, which is necessary to esti-
mate PP (Behrenfeld and Falkowski, 1997). In the Equato-
rial Paciﬁc (EQPAC) region, observed changes in productiv-
ity have been associated with regional climatic events, such
as the El Ni˜ no Southern Oscillation (ENSO) (e.g., Chavez et
al., 1999; Gregg and Conkright, 2002), one of the major nat-
ural climatic events that occurs regularly but with a variable
intensity. Behrenfeld et al. (2006) estimated that the major
El Ni˜ no and La Ni˜ na (ENLN) transitions between 1997 and
1999 resulted in a 262Tg increase in global PP. Changes in
PP during ENLN are essentially associated with the changes
in the supply of the nutrients necessary for phytoplankton
photosynthesis (e.g., nitrogen, phosphorous, iron).
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Fig. 1. A comparison between the SeaWiFS (left) and OCTS (right) reference model (nLwref) of the normalized water-leaving radiance
(nLw) as a function of wavelength for various chlorophyll-a concentrations (Chl-a).
Photosynthetic performances and nutrient demands differ
between different phytoplankton groups. For example, di-
atomsaretwiceasefﬁcientastypicalequatorialpicoplankton
(e.g., Prochlorococcus and Synechococcus) in carbon ﬁxa-
tion, despite having a higher nutrient demand (e.g., Veldhuis
et al., 2005; Sarthou et al., 2005). In this context, it is unsur-
prisingthatthecompositionofthephytoplanktoncommunity
also changes during ENLN transitions (Chavez et al., 1999).
Consequently it can be anticipated that observed changes
in PP during ENLN depend on the speciﬁc phytoplankton
group composition. The characterization of the speciﬁc phy-
toplankton group composition is possible from space using
the PHYSAT algorithm (Alvain et al., 2005). The PHYSAT
algorithm detects the Phytoplankton Functional Type (PFT)
when they are dominant and has already been used to show
a major diatom bloom during La Ni˜ na 1998 in the eastern
EQPAC region using SeaWiFS data (Alvain et al., 2008).
Our goal here is to use satellite archives to study the vari-
ability in the distribution of PFTs during the ENSO cycle
in the EQPAC over the last decade. In order to cover the
totality of the 1997 El Ni˜ no event that started prior to the
SeaWiFS era, we have used OCTS data. We have adapted
the PHYSAT algorithm to also process OCTS data in order
to be able to analyze phytoplankton changes during the par-
ticularly strong 1997–1998 ENLN events. The PHYSAT al-
gorithm is used here to detect the distribution of four PFTs
(i.e., Prochloroccocus, Synechococcus, nanoeucaryotes and
diatoms) in the EQPAC region between November 1996
and December 2007. In addition, we use simulated nutri-
ents ﬁelds from the NEMO-PISCES model to better under-
stand the link between the phytoplankton changes detected
by PHYSAT and variability in environmental conditions.
2 Data and methods
2.1 Satellite data processing
The dataset used in this work combines OCTS data (from
November 1996 to June 1997) with SeaWiFS data (from
September 1997 to December 2007) to obtain a time se-
ries that spans the period November 1996 to Decem-
ber 2007, with a gap between July–August 1997. All
Level 3 binned daily products were downloaded from the
NASA/GSFC/DAAC ftp site (ftp://oceans.gsfc.nasa.gov).
Input data for the PHYSAT algorithm (in brackets for OCTS
if different from SeaWiFS) are Chl-a, the aerosol optical
thickness at 865nm and normalized water-leaving radiances
(nLw) at 412 (410), 443, 490, 510 (520) and 555 (565)nm.
PHYSAT was developed to identify the dominant PFT
from SeaWiFS measurements (Alvain et al., 2005, 2008).
Thisclassiﬁcationreliesonthedifferencebetweentheshapes
of the measured nLw spectrum between 412 and 555nm and
of a reference spectrum nLwref that depends only on Chl-a,
expressed as the speciﬁc water-leaving radiance, nLw∗:
nLw∗(λ)=nLw(λ)/nLwref(λ,Chl−a) (1)
The analysis of coincident nLw∗ spectra and in situ pig-
ment inventories performed by Alvain et al. (2005) have
shown that PFTs (i.e., Prochloroccocus, Synechococcus, na-
noeucaryotes and diatoms) can be individually identiﬁed
(cf. Fig. 2 in Alvain et al., 2008). Until now, this algorithm
has only been applied to SeaWiFS data and its adaptation to
OCTS data has to be tested and evaluated carefully before
further analysis of our dataset.
In addition to the small changes in spectral bands, sev-
eral other differences related to the atmospheric correction
and bio-optical algorithms used in the standard processing of
OCTS data required building a speciﬁc model of nLwref (see
Eq. 1) for this sensor, using the approach described in Alvain
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Fig. 2. The Southern Oscillation Index (SOI) that illustrates the main El Ni˜ no and La Ni˜ na events over 1996–2007 period. El Ni˜ no and
La Ni˜ na periods correspond to negative and positive SOI values, respectively. During this period, strong and moderate El Ni˜ no and La
Ni˜ na periods are denoted by continuous or dashed arrows, respectively. The times when we observe signiﬁcant shifts in PFT dominance are
denoted by vertical dashed lines (cf. Fig. 5e and g).
et al. (2005). Figure 1 shows that both reference models are
quite similar at all wavelengths except for high Chl-a val-
ues (>1.5mgm−3, see second left axis, values from 0.04 to
4.0mgm−3). It is difﬁcult to give an explanation for this
latter discrepancy due to the differences listed above. Since
these values of chlorophyll (>1.5mgm−3) do not occur in
the EQPAC region (except for a very small area, right at
the coast), this issue should not impact our results. It is im-
portant to note that this change in nLwref model is the only
adaptation of PHYSAT that was made to process OCTS data
and that the spectral criteria on nLw∗ deﬁned in Alvain et
al. (2008) to identify the various PFT were not modiﬁed.
Further evaluation of the PHYSAT results when applied to
OCTS is presented in Sect. 3.1. We note that the PHYSAT
method can not provide PFT abundance, only the PFT that is
dominant at each particular pixel and at each point in time.
2.2 Environmental variables
We used the Southern Oscillation Index (SOI) and the
sea surface temperature (SST) satellite product computed
from AVHRR data (http://www.cdc.noaa.gov/data/gridded/
data.noaa.oisst.v2.html) to characterize the succession of
ENLN events over our period of study. The SOI is illus-
trated in Fig. 2. In this ﬁgure, positive values of SOI indi-
cate La Ni˜ na conditions and negative values indicate El Ni˜ no
conditions over 1996–2007 period. Vertical dashed lines cor-
respond to the onsets of El Ni˜ no (red) and La Ni˜ na (blue) pe-
riods associated to the main PFT shifts. A detailed analysis
regarding the relationship between the SOI values, SST and
PFT variability is presented in Sect. 4.
To better characterize the variability in environmental con-
ditions (in particular nutrient concentrations), we have em-
ployed ocean model simulations performed with the Pelagic
Interactions Scheme for Carbon and Ecosystem Studies
(PISCES). PISCES is a biogeochemical model (Aumont and
Bopp, 2006), which simulates marine biological produc-
tion and describes the cycles of carbon and the main nutri-
ents (phosphate, nitrate, ammonium, iron and silicate). Two
phytoplankton species (nanophytoplankton and diatoms) and
two zooplankton species (mesozooplancton and microzoo-
plancton), as well as two detrital size classes are also rep-
resented. PISCES is embedded within the global general
ocean circulation model NEMO (Madec, 2008). Here we
used a global conﬁguration of NEMO-PISCES with a hori-
zontal resolution of 2◦×0.5−2◦ and 31 vertical levels. The
surface forcing for the historical period are NCEP-1 (Kalnay
et al., 1996) ﬂuxes, with surface heat ﬂuxes calculated us-
ing bulk formulae. We initialized NEMO-PISCES with
observationally-based climatologies, with spin-up of 150yr
followed by an experimental run for 50yr from 1948 to 2007
using NCEP-1 forcing. Here we extract selected environ-
mental variables (for example temperature, T ◦, nitrate, NO3,
and phosphate, PO4) over the period 1996–2007. We use
themodeloutputtoexplainpossibleenvironmentalprocesses
that might explain the PFT variability observed by PHYSAT.
Ideally, we would be able to compare the PFT distributions
from PHYSAT (i.e., Prochloroccocus, Synechococcus, na-
noeucaryotes and diatoms) to those predicted by the model.
However, such global models typically do not include such a
diversity of PFTs, particularly for the smaller phytoplankton
classes. The NEMO-PISCES model includes a generic sep-
aration between large, silicifying diatoms and smaller, non-
silicifying nanophytoplankton. Accordingly, any shifts be-
tween smaller PFTs (synechococcus, prochloorococcus and
nanoeucaryotes) cannot be compared as they would all be
present in the “nanophytoplankton” group in the model. On
the other hand, a comparison of shifts in diatom dominance
from NEMO-PISCES and PHYSAT during La Ni˜ na periods
was recently performed (Gorgues et al., 2010). In the con-
text of our study, we used NEMO-PISCES to examine likely
spatio-temporal changes in the physio-chemical properties of
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the region that cannot be assessed using PHYSAT. While
only NO3 changes are presented in this study (see results
presented in Sect. 4), we did in fact examine a suite of en-
vironmental parameters from NEMO-PISCES, such as PO4,
Fe, mixed layer depth and euphotic depth. Our prelimi-
nary analysis showed that nutrients exhibited more signif-
icant changes over periods of interest. For example dur-
ing the strong 1997–1998 El Ni˜ no condition Fe and NO3
concentrations decreased by a factor of 1.6 and 2.4 respec-
tively (cf. Fig. S1) compared to a ∼10% decrease/increase
in the mixed layer or euphotic depth. Our eventual focus
on NO3 is also supported by the fact that (i) regional-mean
PO4 concentrations show almost similar inter-annual varia-
tions than NO3 in the 180◦ W–80◦ W, 10◦ N–10◦ S region,
but with a much smaller relative amplitude (±20% for PO4
concentrations vs. ±100% for NO3 concentrations) (ii) mean
Fe concentrations during early state of the El Ni˜ no condi-
tion show a decrease simultaneous to NO3 and PO4 in the
180◦ W–80◦ W, 10◦ N–10◦ S region, and (iii) although re-
gional NO3/Fe present decoupling episodes at inter-annual
scales in the 180◦ W–80◦ W, 10◦ N–10◦ S region, NO3/Fe
show almost similar inter-annual variations in the core of the
PFT variability region (140◦ W–100◦ W, 10◦ N–10◦ S, see re-
sults presentedin Sect. 3). Moreover, Fig. S2 showsthe NO3,
PO4 and Fe anomaly in the 140◦ W–100◦ W, 10◦ N–10◦ S re-
gion. As can be seen, NO3, PO4 and Fe show almost similar
inter-annual variation, except during mature El Ni˜ no condi-
tions (September 1997 to March 1998) when a decoupling
between Fe and NO3 seems to appear. This agrees with the
NO3/Fe decoupling shown to occur at the decadal time-scale
and in the eastern part of the EQPAC region (150◦ W–90◦ W,
2◦ N–2◦ S) (Rodgers et al., 2008). In the 180◦ W–80◦ W,
10◦ N–10◦ S region it is clearly NO3 that controls/limits pro-
ductivity in NEMO-PISCES model and we therefore focus
on the 180◦ W–80◦ W, 10◦ N–10◦ S region where NO3 ap-
pears to be a more representative nutrient to explain any PFT
variability.
3 Results
3.1 Comparison of OCTS and SeaWiFS global PFT
distributions
Using both OCTS and SeaWiFS data allows a 12-yr (1996–
2007) time series of the dominant PFT distributions from the
PHYSAT algorithm. We analyze this data set to monitor the
impacts of the ENSO cycle on the distribution of PFTs, in-
cluding strong and moderate periods of El Ni˜ no and La Ni˜ na
events as suggested by the Southern Oscillation Index (SOI).
Figure2showstheSOIvaluesover1996–2007period, where
positive SOI values indicate La Ni˜ na conditions and nega-
tive values indicate El Ni˜ no conditions. In general during
this period, we can say that SOI values less than −2.0 corre-
spond to the very strong El Ni˜ no of 1997–1998 and SOI val-
ues between −1.0 and −2.0 correspond to moderate El Ni˜ no
conditions during 2002–2003, 2004–2005 and 2006 (Fig. 2).
Strong La Ni˜ na conditions are characterized by SOI values
up to 1.5 (e.g., 1998) and moderate conditions with values
around 1.0 (e.g., 1996). The 8 months of OCTS data are key
to evaluating the dominant PFT distribution from PHYSAT
during the early stage of the strong El Ni˜ no 1997. Unfortu-
nately, thetotallackofanyoceancolordatabetweenJulyand
September 1997 precludes an observation of ocean produc-
tivity and PFT distributions during the buildup of the most
intense El Ni˜ no of the last two decades.
Figure 3 shows the comparison between the global distri-
bution of the dominant PFTs (i.e., Prochlorococcus, Syne-
chococcus, nanoeucaryotes and diatoms) obtained with
OCTS (November 1996 to June 1997) and with SeaWiFS for
each month of 1999 in order to examine the general pefor-
mance of PHYSAT with the two sensors. For each pixel, PFT
dominance is deﬁned as the PFT with the largest relative fre-
quency of identiﬁcation using PHYSAT. The most obvious
difference between the two datasets in Fig. 3 is the greatly
reduced number of pixels available in the OCTS monthly
product, relative to SeaWiFS. Therefore, before commencing
a more detailed analysis of these two datasets, it is necessary
to make sure that the OCTS PFT distributions are compara-
ble with that of SeaWiFS and that the reduced coverage is not
due to a problem with the adaptation of PHYSAT to OCTS
data.
OCTS has a narrower swath than SeaWiFS and no tilting
capability, with both acting to reduce the spatial coverage of
its Level-3 daily binned product. The global monthly cover-
age of OCTS (1996–1997) is around 40±6% of the available
Chl-a pixels from SeaWiFS (1999) global coverage i.e. the
spatialcoverageforOCTSisreducedby2.5times. Similarly,
there are 2.7 times less pixels available (or 36±11%) for
PHYSAT identiﬁcation using OCTS (relative to SeaWiFS).
These results suggest that the changes made to PHYSAT in
order to analyze OCTS data do not result in more or less
unidentiﬁed pixels, which would have suggested an incon-
sistency between the two PHYSAT processing algorithms.
Even if OCTS data are scarcer than SeaWiFS data, par-
ticularly at high latitudes, the geographical distribution of
PFTs retrieved during the ﬁrst six months (November 1996
to April 1997) is very similar to that of SeaWiFS (Fig. 3).
In both datasets, diatoms are dominant in the same regions
of the Southern Ocean (between 40◦ S and 50◦ S) during the
austral spring-summer period, whereas intertropical regions
(20◦ N–20◦ S) are dominated by Prochlorococcus and Syne-
chococcusandsubtropicalregions(20◦ N–40◦ N)bynanoeu-
caryotes. However, the PFT distributions in May and June
1997 are markedly different to those of SeaWiFS (Fig. 3).
During these two months, Prochlorococcus and Synechococ-
cus are replaced by nanoeucaryotes in the intertropical re-
gion (20◦ N–20◦ S) and more speciﬁcally in the Equatorial
Paciﬁc (EQPAC) region, which is a phenomenon that is not
observedwithSeaWiFSneitherfor1999, northeclimatology
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Fig. 3. A comparison between the global distribution each month of the dominant PFT obtained during the early stage of the strong El Ni˜ no
(1996–1997, OCTS era) and during the La Ni˜ na conditions (1999, SeaWiFS era). Phytoplankton group dominance is deﬁned as the group
with the largest relative frequency identiﬁed by PHYSAT.
of Alvain et al. (2008). On the contrary, the spring diatom
bloom in the north Atlantic is similar for both years, which
again suggests that PFT dominance shifts in tropical regions
isnotduetoafailureofthePHYSATalgorithmwhenapplied
to OCTS.
In Fig. 4, we show the relative global area covered by each
dominant PFT group, i.e., Prochlorococcus, Synechococcus,
nanoeucaryotes and diatoms each month for both OCTS and
SeaWiFS (for 1999, because this year seems representative
of the SeaWiFS PFT climatology, as shown in Fig. S3). In
Fig. S3 we show a comparison between global area covered
(in percentage) by each dominant PFT obtained from SeaW-
iFs in 1999 and SeaWiFS climatology (between 1997–2007).
The percentage of area covered was calculated at the global
scale from the number of pixels of a given PFT divided by
the total number of pixels classiﬁed by PHYSAT. As illus-
trated in Fig. 4, there are very few differences between OCTS
and SeaWiFS in the relative contributions of each PFT dur-
ing the ﬁrst six months (November to April). During this
period, similar mean values are observed for nanoeucary-
otes(44±9%/47±7%), Prochlorococcus(29±4%/26±2%),
Synechococcus (23±8%/22±3%) and diatoms (4±2%/6±
4%), for OCTS and SeaWiFS, respectively. The main differ-
ences during these six months occur for the Synechococcus
and nanoeucaryote PFTs in January and April. In January
1997, there is a decrease of about 8% in the Synechococcus
contribution which coincides with a similar increase in na-
noeucaryotes. A similar 10% decrease of Synechococcus is
also observed in Fig. 4 for April 1997 and is associated with
an increase in nanoeucaryotes (∼7%) and Prochlorococcus
(∼3%). In spite of these small differences, these results sug-
gest that the adaptation of the PHYSAT algorithm was suc-
cessful and that the reduced number of pixels available from
OCTS does not prevent us from using the PFT distributions
obtained with OCTS, since they are comparable with those
of SeaWiFS.
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Fig. 4. The monthly areal coverage (in percentage) by each
PFT (i.e., Prochlorococcus, Synechococcus, nanoeucaryotes and di-
atoms) obtained from OCTS (1996–1997, bottom panel) and SeaW-
iFS (1999, top panel). This was calculated from the data presented
in Fig. 3.
Figure 4 also shows signiﬁcant differences in the distribu-
tion of the dominant PFT for both sensors over the last two
months (May and June) of the 8-month period. Speciﬁcally,
an increase of 28% in the nanoeucaryote contribution, which
is associated with a coincident decrease in the Synechococ-
cus (17%), Prochlorococcus (8%), and diatoms (3%) contri-
butions in May–June 1997, compared with the mean values
observed for these PFTs during the ﬁrst six months. SeaW-
iFS data for the same months of 1999 do not show anything
comparable to these changes. This result is quite intrigu-
ing given the consistency of the two datasets for the ﬁrst six
months. No technical problems which could explain these
differences in PHYSAT results were reported for OCTS.
3.2 PFT dominance shifts in the Equatorial Paciﬁc and
El Ni˜ no/La Ni˜ na events
It is possible that environmental changes associated with the
onset of the strong El Ni˜ no in summer 1997 are at the origin
of this shift in phytoplankton community structure towards
nanoeucaryotedominance(attheexpenseofSynechococcus)
in the EQPAC. In order to examine whether similar shifts
have occurred over the 1996–2007 period in this region, we
produced time series of the PFT dominance anomaly for both
equatorial (10◦ N–10◦ S) and tropical (15◦ N–25◦ N) regions
of the Paciﬁc and Atlantic Oceans (Fig. 5, the Atlantic Ocean
was included to obtain a comparative overview of PFT vari-
ability for another tropical region).
The PFT dominance anomaly over the tropical North Pa-
ciﬁc (Fig. 5a and c) and North Atlantic (Fig. 5b and d) re-
gions does not show a marked inter-annual variability and
remains between −0.3 and 0.3 over the 12yr, even during the
onset of the strong El Ni˜ no event in May and June 1997. It
is however interesting to note the clear seasonal cycle in PFT
dominance for the tropical Paciﬁc (Fig. 5a and c). Each year
the dominant PFT shifts from Synechococcus in summer to
nanoeucaryotes in winter. However, in 1997 nanoeucaryotes
persisted into May and June (Fig. 5a and c). Such a seasonal
cycle is not observed in the tropical Atlantic (Fig. 5b and d).
Diatoms show almost no variability (neither inter-annual nor
seasonal), which is not surprising in these nutrient poor olig-
otrophic regions where diatoms seem not to be a signiﬁcant
PFT (Veldhuis and Kraay, 2004).
The equatorial Atlantic region shows similar behavior to
that of the tropical regions, with nanoeucaryote and Syne-
chococcus dominance anomalies remaining in the range
−0.3 to 0.3, with very little inter-annual variability over
the 1996–2007 period (Fig. 5f and h). A seasonal cycle
with a dominance that alternates between nanoeucaryotes
and Synechococcus typiﬁes the equatorial Atlantic, but, con-
trarytowhatwasobservedinthetropicalPaciﬁc, thereseems
to be two peaks for both groups per year (June and Decem-
ber for nanoeucaryotes and September and March for Syne-
chococcus; Fig. 5f). Finally we again ﬁnd little variability
in the diatom dominance anomaly in the equatorial Atlantic,
except for two small peaks in November 1996 and September
1997 (Fig. 5h).
In the EQPAC region, the PFT dominance anomalies
(Fig. 5e and g) are completely different to those observed
in the three other regions. While dominance anomalies are
small for all four PFTs and do not show any clear seasonal
cycle, there is strong inter-annual variability. At the onset
of the 1997 strong El Ni˜ no we observe a signiﬁcant shift
from Synechococcus to nanoeucaryotes in spring (Fig. 5e).
A similar shift (albeit of lower intensity) is also observed
in May–July 2006 during the onset of the moderate (com-
pared to that of 1997) El Ni˜ no event (cf. Fig. 2). A signiﬁ-
cant PFT dominance anomaly is also detected in the EQPAC
region during the strong La Ni˜ na event of 1998, with this in-
crease in diatom dominance already reported by Alvain et
al. (2008) using PHYSAT. There are several other diatom
dominance peaks during the study period (1996, 2000, 2003,
2004, 2005–2006, and 2007, Fig. 5g), but they are much
more difﬁcult to link with La Ni˜ na events, except for those
of 1996, 2000 and 2005–2006. Overall, PHYSAT suggests
that ENLN events appear to have an inﬂuence on the phyto-
plankton composition in the EQPAC region (Fig. 5e and g),
in agreement with in situ measurements (e.g., Chavez et al.,
1999).
3.3 PFT dominance shifts in the Equatorial Paciﬁc and
chlorophyll-a concentrations
To more precisely analyze the PFT dominance shifts during
ENLN events, we compared the anomalies of the three most
dominant and variable PFTs, i.e., Synechococcus, nanoeu-
caryotes and diatoms with the Chl-a concentration estimated
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Fig. 5. The PFT dominance anomaly at tropical (15◦ N–25◦ N) and equatorial (10◦ N–10◦ S) latitudes in the Paciﬁc and Atlantic Oceans
(over 1996–2007) using the OCTS and SeaWiFS datasets. The PFT anomaly was generated from monthly maps of the relative frequency
of the identiﬁed dominant phytoplankton group within each 1◦ ×1◦ grid box. The longitudinal extent of the tropical regions was 180◦ W
to 100◦ W, 80◦ W to 20◦ W for Paciﬁc and Atlantic regions, respectively. The extent of the equatorial regions was 180◦ W to 80◦ W, 45◦ W
to 11◦ E for Paciﬁc and Atlantic regions, respectively. Arrows show the main maximum shift between Synechococcus and nanoeucaryotes
during the early stages of El Ni˜ no (arrow in panel e) and for diatoms during La Ni˜ na (arrow in panel g).
with OCTS and SeaWiFS (Fig. 6). The decrease in Syne-
chococcus and the increase in nanoeucaryote dominance
is observed over the entire EQPAC region (180◦ W–80◦ W,
Fig. 6a and b) during both strong (May–June 1997) and
the moderate (May–July 2006) El Ni˜ no events. A coinci-
dent decrease in Chl-a concentrations is also observed dur-
ing these two El Ni˜ no events (Fig. 6d), with mean values of
0.13mgm−3 in May–June 1997 and 0.17mgm−3 in May–
July 2006 (the mean Chl-a value in May–July for the whole
12-yr period is 0.19mgm−3, not including strong ENLN
events). The decrease in phytoplankton biomass in this re-
gion during El Ni˜ no has already been noted (e.g., Strutton
et al., 2008). However we show here that this decrease in
biomass is associated with a decrease in the Synechococcus
PFT and an increase in nanoeucaryote dominance. Further-
more, analyzing PFTs from PHYSAT in parallel to Chl-a
suggests that this nanoeucaryotic dominance during the early
stages of El Ni˜ no is not due to increases in this PFT’s abun-
dance, but rather because Synechoccoccus almost disappears
from surface waters due to unfavorable environmental con-
ditions.
The increased dominance of diatoms observed during the
La Ni˜ na event of 1998 covered almost the entire EQPAC re-
gion (Fig. 6c) and coincided with the highest mean Chl-a
value over 1996–2007 period (an average of 0.25mgm−3 for
the month of August 1998, Fig. 6d). On the contrary, we ob-
serve a disappearance of diatoms dominance in the eastern
EQPAC region associated with the lower chlorophyll values
typical of El Ni˜ no events (e.g. during 1997 and 2006 El Ni˜ no
events). Similar to the PFT changes observed during El Ni˜ no
events, it is likely that the increase in both the dominance
of diatoms and Chl-a are connected with changes in the en-
vironmental conditions during La Ni˜ na, such as changes to
nutrient availability and sea-surface temperature that are di-
rectly controlled by ENLN events (Ryan et al., 2002; Pen-
nington et al., 2006). Alternatively, diatoms are relatively
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Fig. 6. Longitude-time plots of the (a) nanoeucaryotes, (b) Synechococcus, and (c) diatom dominance anomaly and (d) absolute satellite
chlorophyll-a (Chl-a) using OCTS-SeaWiFS datasets in the Equatorial Paciﬁc region (10◦ N–10◦ S) over 1996–2007. See Fig. 5 for details
of PFT dominance anomaly.
dominant (even if 4–5 fold lower than the other groups) dur-
ing strong to moderate la Ni˜ na events (1996, 1998, 2000 and
2005–2006, cf. Fig. 5g) when nutrients are more abundant.
A detailed analysis of these increases in diatom dominance
shows that this PFT exhibits a variable geographic distribu-
tion in the EQPAC region during La Ni˜ na events, including
the recent 2007 event. For example, in our longitude-time
plots of diatom dominance distributions (Fig. 6c), we ﬁnd
that diatoms merely dominated as small patches that did not
extend westward of 140◦ W during the La Ni˜ na years, with
no widespread dominance of the entire EQPAC region. The
“patchy” nature of diatom dominance during La Ni˜ na events
probably explains the lower integrated diatom dominance
anomalyvaluesovertheentireEQPACobservedduringthese
years (cf. Fig. 5g). On the other hand, widespread regional
diatom blooms are observed in the early and strong La Ni˜ na
of 1998 (August, Fig. 6c), whereas they are more scattered
in the later and more moderate la Ni˜ na of 1996 (November).
4 Discussion
4.1 Comparison with observations
In situ observations during ENSO events show that surface
NO3 isdepletedduringElNi˜ noandenrichedduringLaNi˜ na;
consequently, the phytoplankton community is dominated by
picophytoplankton when El Ni˜ no conditions prevail and by
diatoms when nutrients are high during La Ni˜ na (Chavez et
al., 1999; StruttonandChavez, 2000). Inaddition, ourresults
for the EQPAC region (180◦ W–80◦ W, 10◦ N–10◦ S) further
suggest that a decrease in Synechococcus favors nanoeu-
caryote dominated waters during the early stage of El Ni˜ no
(Figs. 5e, 6a and b). Nevertheless, after this initial period of
change, the system is restored to the typical Synechococcus-
Prochlorococcus dominance during the mature El Ni˜ no con-
ditions (Fig. 5e).
Sparse ﬁeld observations of phytoplankton community
composition during ENLN transitions support our satellite
based observations of shifts between Synechococcus and na-
noeucaryote dominance. In situ observations from the west-
ern Equatorial Paciﬁc suggest changes in the abundance of
Synechococcus during ENLN transitions (Blanchot et al.,
1992) that was manifested in a 4-fold reduction in the inte-
grated abundance (to 120m) of “cyanobacteria” (essentially
Synechococcus, J. Blanchot, personal communication, 2010)
during El Ni˜ no (September 1987), relative to La Ni˜ na condi-
tions (September 1988). Additionally, an earlier study along
165◦ Ebetween20◦ Sand7◦ Nduringweakconditionsofthe
1992 El Ni˜ no (August–September) also found Synechococ-
cus to be a minor contributor (<1%) to total phytoplankton
biomass (Blanchot and Rodier, 1996). These observations
are, to our knowledge, the only in situ evidence of reductions
in Synechococcus dominance during El Ni˜ no events that can
be used to support the evidence gleaned from PHYSAT.
Our PHYSAT analysis also shows that despite Syne-
chococcus decreases during the early stages of the 1997 El
Ni˜ no (May–June, SOI=−2.0, cf. Fig. 2), there is a sub-
sequent increase in Synechococcus dominance during the
mature phase of the 1997 El Ni˜ no (September–November,
SOI=−3.0). This agrees with Landry et al. (1996), who
showed that Synechococcus was more numerous during
the mature conditions of the 1992 El Ni˜ no (February–
March, SOI=−3.5) along the 140◦ W transect (at 12◦ S
and 12◦ N), than during the weak conditions of the 1992 El
Ni˜ no (August–September, SOI=−0.4). Finally, many stud-
ies have noted a reduction of diatom abundances during the
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Fig. 7. The temporal evolution between 1996-2007 of the anomalies in (a) Sea-Surface-Temperature (SST) and nitrate (NO3) and (b) Syne-
chococcus and nanoeucaryotes. In addition, panel (b) also includes the relative shift in nitrate (NO3-shift) in the Equatorial Paciﬁc region
(10◦ N–10◦ S, 180◦ W–80◦ W). The relative shift in nitrates (NO3-shift) in panel (b) corresponds to time derivative of surface NO3 concen-
trations obtained from the NEMO-PISCES model. The SST in panel a was obtained from either satellite (SST SAT) or the NEMO-PISCES
model (SST NEMO-PISCES). Vertical dashed lines correspond to the onsets of El Ni˜ no (red) and La Ni˜ na (blue) periods associated to the
main PFT shifts (cf. Fig. 5e and g).
mature phase of the 1992 El Ni˜ no, compared to non-El Ni˜ no
conditions (Kaczmarska and Fryxell, 1995; Bidigare and On-
drusek, 1996; Liu et al., 1996; Latasa et al., 1997). Overall,
the sparse ﬁeld observations that exist generally support (i) a
reduction in Synechococcus dominance during the onset of
El Ni˜ no conditions, (ii) an increase in Synechococcus domi-
nance during mature El Ni˜ no conditions and (iii) a reduction
in diatom dominance during El Ni˜ no periods.
4.2 Environmental control of PFT shifts
In order to improve our understanding of this PFT shift
observed in the EQPAC region, we examined the biogeo-
chemical and physical conditions during strong and moder-
ate ENLN events using the AVHRR sea surface temperature
(SST) dataset and the NEMO-PISCES model simulation de-
scribed previously (Sect. 2.2). Figure 7a shows that the SST
from NEMO-PISCES and AVHRR observations are in good
agreement, demonstrating that the atmospheric forcing and
the ocean circulation from this model simulation properly ac-
counts for ENLN events. Here, we used the simulated NO3
ﬁelds from NEMO-PISCES to better understand the links be-
tween the PFT dominance shifts observed with PHYSAT and
the environmental conditions. We only used regional-mean
NO3 in our analysis as PO4 and Fe concentrations show sim-
ilar inter-annual variations (see: Sect. 2.2).
The rate of change in surface NO3 during ENLN transi-
tions might be responsible for the decline in Synechococ-
cus in the EQPAC region observed by PHYSAT. The time
derivative (monthly) of NO3 obtained from the NEMO-
PISCES model between 1996–2007 (NO3-shift, Fig. 7b) de-
creases abruptly during the two El Ni˜ no events (−2.5 and
−0.9µMmonth−1, for 1997 and 2006, respectively), ex-
actly when PHYSAT suggests that Synechococcus domi-
nance decrease. This suggests a direct relationship between
Synechococcus dominance and NO3 availability. This re-
sult agrees with Partensky et al. (1999) who suggest that
Synechococcus is much more abundant in nutrient-rich ar-
eas and that its distribution is generally restricted to the
upper well-lit layer. The concomitant increase in Syne-
choccoccus and nitrogen availability (NO3 +NO2) observed
along the equatorial Paciﬁc transect between the warm pool
(165◦ E) and HNLC waters (150◦ W) during the FLUPAC
cruise (Partensky et al., 1999) further supports this link be-
tween Synechococcus and NO3. Additional evidence of
this NO3-Synechococcus dependency in the EQPAC region
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was observed during the moderate El Ni˜ no conditions of
October–December 2004, where Grob et al. (2007) show the
highest abundance of Synechococcus (up to 105 cells ml−1)
under eutrophic conditions in the upwelling region (NO3 ∼
5µM), 10 and 20 fold more abundant than those detected
in the mesotrophic subequatorial (NO3 ∼ 1µM) and olig-
otrophic gyre (NO3 ∼ 0.01µM) regions. This result agrees
with the ranges of abundance of Synechococcus established
in the literature for oligo-, meso- and eutrophic regions of the
word’s ocean, as suggested by a comparative review by Grob
et al. (2007 and references therein).
A high N dependency of Synechococcus has also
been observed in laboratory studies. For example, the
Synechococcus half-saturation constant for ammonium up-
take (2.6µMN) is 2.6 times higher than for other pico-
phytoplankton species (Timmermans et al., 2005). Other lab-
oratory studies suggest that Synechoccoccus utilizes a full
range of N sources, including nitrate, nitrite, ammonium,
urea and amino acids (Moore et al., 2002). As a result of its
N-rich phycobilisomes, Synechoccoccus also requires more
N compared to Proclorococcus (Moore et al., 2002) and has
a higher overall cellular N demand (Bertilsson et al., 2003;
Heldal et al., 2003). On the other hand, Prochlorococcus has
lowcellularNrequirements(Bertilssonetal., 2003; Heldalet
al., 2003) and is extremely abundant in oligotrophic N-poor
waters (Partensky et al., 1999). A higher requirement for N
for Synechococcus, relative to other PFTs, would result in
greater limitation of Synechococcus growth rates under the
depleted N conditions that typify El Ni˜ no events. As such,
ENLN changes in NO3 could drive the PFT shifts between
El Ni˜ no and La Ni˜ na suggested by PHYSAT. By Septem-
ber 1997, the Synechococcus dominance anomaly returns to
zero (Fig. 5e). At this time, although the NO3 concentra-
tion anomaly remains low (cf. Fig. 7a), the sign of the rela-
tive NO3-shift has changed which drives the return of Syne-
chococcus (Fig. 7b).
The large positive NO3 anomaly during the La Ni˜ na
of 1998 coincides with the peak in diatom dominance
(cf. Fig. 5g) that extends over much of the EQPAC region
(Fig. 6c) and is associated with increased Chl-a. This peak
in diatoms in August coincides with a largest positive shift
in NO3 (3µMmonth−1, cf. Fig. 7b) and the mean Chl-a de-
tected by satellite (0.25mgm−3) in the EQPAC region over
1996–2007. We do not see an increase in Synechococcus
dominance during this period, since diatoms are dominant-
ing at high biomass. It could be possible that Synechococ-
cus is increasing in this period, but it can not be detected by
PHYSAT as diatoms dominate the signal. Observations con-
cur with this overall increase in chlorophyll following the
rapid temperature decrease during the strong la Ni˜ na of 1998
(Chavez et al., 1999; Ryan et al., 2002). As in August 1998, a
weak diatom dominance peak was observed during moderate
La Ni˜ na 1996 (Fig. 5g), but with a 3-fold lower value of Chl-
a and relatively slow positive shift in NO3 (mean October–
November 1996 ∼0.2µMmonth−1, Fig. 7b).
Our study has used distributions of the dominant PFT from
satellite time series to propose that the onset of El Ni˜ no con-
ditions could drive large changes in PFTs in the EQPAC. A
subsequent analysis of the results, using an inter-annually
forced global ocean biogeochemistry model, suggest that it is
the rate of change in surface NO3 that drives these changes.
However, despite the large scale changes in PFT at the on-
set of EL Ni˜ no, the community returns rapidly to its typical
composition, even if Chl-a is markedly lower (Figs. 5 and 6),
which is indicative of adaptation by Synechococcus and a
certain degree of resilience in community structure. While
direct observations of in situ PFT during ENLN transitions
are sparse, those that exist support our results. Neverthe-
less, we highlight the importance of PFT observations during
ENLN alongside a measure of in situ changes in NO3 to fur-
ther evaluate our hypothesis of the controlling mechanism. It
isalsopossiblethatchangesintherelativeabundanceofNO3
and PO4 between El Ni˜ no and La Ni˜ na (possibly driven by
changes in subsurface denitriﬁcation and subsequent verti-
cal supply) could be important since different phytoplankton
groups can exhibit species-speciﬁc N:P requirements (Klaus-
meier et al., 2004). Other mechanisms controlling the PFT
dominance shifts could be related to Fe availability in the
EQPAC (e.g., Coale et al., 1996), and in particular for di-
atomsduringtheENLNtransition(Landryetal., 1997; Strut-
ton et al., 2008). However, at this stage available in situ
observations preclude a more detailed consideration of this
issue.
5 Summary and conclusions
Biogeohemical and physical changes during ENSO cycles
modify the phytoplankton community structure in the EQ-
PAC region. We have used satellite ocean color observations
from OCTS and SeaWiFS together with the PHYSAT algo-
rithm (Alvain et al., 2005) to provide evidence for the large
scale impact of ENLN events on the distribution of phyto-
plankton groups in the EQPAC. Speciﬁcally, the previously
noted reduction in Chl-a associated with the onset of El Ni˜ no
conditions is associated with a shift in PFT dominance, from
Synechococcus to nanoeucaryotes. The nutrient rich condi-
tions that arise during La Ni˜ na events increase Chl-a, and
promote diatom dominance of the phytoplankton commu-
nity. Results of an interannually forced global model show
that rapid and signiﬁcant NO3 depletions drive the reduction
in Synechococcus dominance during the onset of El Ni˜ no
conditions. On the other hand, strong NO3 enrichment dur-
ing the La Ni˜ na of 1998 favored the development of diatom
blooms over large areas of the EQPAC, but this phenomenon
was not observed with the same intensity during the other La
Ni˜ na events of the period.
Our results also suggest that PFTs are relatively resilient to
the strong environmental changes produced during El Ni˜ no
events. The decrease in Synechococcus dominance took
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place only for a few months during the onset of El Ni˜ no
events (e.g., May–July 2006) before returning to a typi-
cal phytoplankton composition, despite low overall biomass,
which suggests that Synechococcus cells have the potential
to adapt to low nutrient conditions. In the future, the shifts in
PFT distribution and observed resilience of the phytoplank-
toncommunityshouldbeconsideredinmodelingapproaches
in order to better understand the implications of such PFT
shifts on the carbon cycle and the marine food-web in the
EQPAC and beyond. Therefore, parallel satellite and model-
ing studies, alongside in situ PFT observations, will be nec-
essary to improve our capability to model past shifts in PFTs
and better understand those that might occur in the future.
Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/8/539/2011/
bg-8-539-2011-supplement.pdf.
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